Objective: Previous studies suggest that atrial natriuretic peptide (ANP) may act as an autocrine/paracrine factor to modulate cardiac hypertrophy in response to various stimuli. The effect of ANP deficiency on the response to volume overload has not previously been studied. We hypothesised that ANP deficient mice would develop excess cardiac hypertrophy in response to volume overload stress. ) male mice maintained on either a normal salt (0.55% NaCl) or low salt (0.05% NaCl) diet from weaning were studied after 2 weeks of volume overload from an aorto-caval fistula (ACF). Unoperated littermates served as controls. Left ventricular (LV) structure and function was evaluated by echocardiography. Heart, LV, and lung weights were determined at sacrifice. Myocyte diameter was measured by morphometric analysis of fixed sections of the left ventricle. Results: BP, heart weight, and LV weight were increased in Nppa À/À vs. Nppa +/+ unoperated mice. Nppa À/À mice developed exaggerated heart and LV weight compared to Nppa +/+ mice following ACF. Increased myocyte diameter paralleled increased echo LV wall thickness following ACF in Nppa +/+ but not Nppa À/À mice fed with 0.55% NaCl, indicating that an alternate mechanism contributed to increased wall thickness in Nppa À/À mice. Mid-wall shortening was mildly depressed in the Nppa À/À vs. Nppa +/+ genotype following ACF fed with 0.55% NaCl. A 0.05% NaCl diet from weaning normalized BP, but did not prevent exaggerated cardiac enlargement and LV hypertrophy following ACF in Nppa À/À mice. Conclusions: ANP-deficient mice exhibited an exaggerated increase in heart and LV weight in response to volume overload, which was not prevented by normalization of blood pressure. The findings suggest that ANP is an important physiologic modulator of the cardiac hypertrophy induced by volume overload.
Introduction
Atrial natriuretic peptide (ANP) is a peptide hormone that has potent natriuretic, diuretic, vasodilator, sympatholytic, and renin-and aldosterone-suppressing activities and is involved in the regulation of volume and electrolyte balance and blood pressure [1, 2] . Recent studies have demonstrated that ANP is also involved in the direct regulation of cardiac growth [3] [4] [5] [6] [7] [8] [9] . Natriuretic peptide receptors have been demonstrated to be present in the heart and in cardiac cells in vitro [3, 4] . Further, several recent in vivo studies have suggested that ANP expression is inversely related to cardiac growth. Transgenic mice overexpressing ANP have lower heart weight and blood pressure than wildtype mice [5, 6] . Conversely, transgenic mice with homozygous disruption of the pro-ANP gene (Nppa) or the natriuretic peptide receptor A (NPR-A) gene exhibit significant cardiac enlargement, which is out of proportion to the modest elevations of blood pressure observed in these models [7] [8] [9] [10] . Masciotra et al. [11] found an inverse correlation between left ventricular (LV) ANP and LV mass, independent of blood pressure, in recombinant inbred rat strains derived from the Wistar-Kyoto spontaneously hypertensive rat. ANP attenuates the growth response of neonatal cardiomyocytes to angiotensin II, endothelin I, and adrenergic stimuli, while ANP receptor blockade results in hypertrophy of neonatal cardiomyocytes [12] [13] [14] . The inverse relationship of ANP levels with cardiac growth and heart weight in these various models suggests that ANP may act as an autocrine/paracrine factor to modulate cardiac hypertrophy in response to various physiologic and pathophysiologic stimuli.
The effect of selective ANP deficiency on the cardiac response to volume overload has not previously been studied. The aorto-caval fistula (ACF) model in the mouse produces biventricular volume overload characterised by progressive increases in filling pressures and hypertrophic remodelling of both ventricles over time [15] . We hypothesised that Nppa À/À mice would develop excess cardiac enlargement and ventricular hypertrophy in response to volume overload stress independently of the effects of blood pressure. We found that Nppa À/À mice fed a basal salt diet had higher mean arterial pressure (MAP) and much larger, heavier hearts than Nppa +/+ mice at baseline, and an exaggerated hypertrophic response to the stress of ACF. A low salt diet eliminated the MAP difference between genotypes, but did not ameliorate the excess hypertrophy at baseline, or the exaggerated hypertrophic response to ACF. These findings support the concept that ANP plays an important counteregulatory role in modulating the LV hypertrophic response to hemodynamic stress.
Methods

Animal preparation
Mice with homologous deletion of the pro-ANP gene originally generated in the laboratory of John et al., [7] and control Nppa +/+ mice of the 129xB6 strain were used in these studies. The animals were raised in our resident colony, which was founded with pathogen-free breeding pairs. Genotypes were identified with polymerase chain reaction assay of genomic DNA from tail snips after weaning as previously described [16] . All protocols were approved by the Institutional Animal Care and Use Committee To create an ACF, a 2.5 -3-mm infra-renal side-to-side anastomosis between the inferior vena cava and abdominal aorta was made using microsurgical techniques [15] . Shunt patency was verified visually by swelling of the inferior vena cava and by mixing of arterial and venous blood. All procedures were performed by a single surgeon. We have previously demonstrated that this surgical technique produces large reproducibly sized shunts [15] . Two weeks after surgery, ACF and unoperated controls were lightly anesthetized with tribromoethanol anesthesia (375 mg/kg, i.p.) and a carotid cannula inserted into the left carotid artery. Fifteen-micrometer colored microspheres were injected into the aorta via the carotid cannula for assessment of the severity of aorto-caval shunting, as previously described [15] , after which the animals were euthanized by cervical dislocation and organs collected for organ weight and histology. These microspheres are too large to cross the capillary circulation, but can reach the venous circulation and lodge in the lung capillaries via the ACF. The percentage of injected microspheres recovered from the lungs thus reflects the degree of shunting across the ACF. We confirmed similar degrees of shunting in Nppa +/+ and Nppa À/À mice using this methodology (% of injected microspheres recovered in lungs 0.84F0.06, vs. 0.74F0.05, p=0.21, numbers represent meanFS.E.M.). After our initial experiments demonstrated significant differences in heart and LV weight between genotypes following ACF, additional Nppa +/+ (n=6) and Nppa À/À mice (n=6) underwent creation of an ACF for echocardiographic assessment, and were compared to additional Nppa +/+ (n=6) and Nppa À/À (n=5) unoperated controls. In order to minimize BP differences between groups, the above experiments were repeated in animals fed a low salt diet (0.05% NaCl, and 0.77% Ca 2+ , Harlan-Teklad) from weaning (n=6 -7 mice in each group). In this group of animals, microsphere injection was not performed. Echocardiography was performed on all animals in this group, with the exception of one Nppa À/À unoperated control, and two Nppa À/À ACF mice, who died during sedation for insertion of the carotid cannula.
Echo assessment of LV size and function
Two weeks after surgery, echocardiography (10 -12.5-MHz vascular probe, Agilent Sonos 5500, Agilent Technologies, Andover, MA) with simultaneous monitoring of arterial pressure under tribromoethanol anesthesia (375 mg/kg, i.p.) was performed as previously described [15] . Echo LV mass, circumferential wall stress (CWS), and velocity of circumferential fiber shortening (VCF r ) were calculated using standard techniques as previously reported [15, 17, 18] . Wall thickness was calculated as the average of septal and posterior wall thickness. VCF dif , the difference between observed VCF r and predicted VCF r at a given CWS, was used to normalize VCF r for CWS [15] . In order to correct for differences in wall thickness between genotypes, LV systolic myocardial function was assessed from LV midwall shortening (MWS) [19] . MWS dif , the difference between observed MWS and predicted MWS at a given CWS, was used to assess LV myocardial function normalized to wall stress, in a manner analogous to that described for VCF dif [15] . Predicted MWS was calculated utilizing a regression curve of MWS vs. CWS in 30 normal mice (predicted MWS=0.22À0.000273ÂCWS) (unpublished data). Following the echo studies, animals were sacrificed by cervical dislocation, and the heart and lungs were quickly removed and weighed.
Histological analysis
LV cardiomyocyte diameter was measured as previously described [20] . Hearts were excised and were immediately immersed in 4% paraformaldehyde containing 0.25% glu- Fig. 1 . Effects of 2-week low (0.05% NaCl) and normal (0.55% NaCl) salt diet, ACF, and Nppa genotype on whole heart weight. The adjusted heart weight was determined by analysis of covariance (ANCOVA) with body weight as a covariate. There was an exaggerated increase in heart weight in the Nppa À/À compared to Nppa +/+ mice following ACF ( p<0.001 genotypeÂACF, two-way ANOVA). Results are meansFS.E.M. *p<0.05 vs. respective Nppa +/+ groups, yp<0.05 vs. respective control unoperated groups.
taraldehyde and 4.5% sucrose (1) . The samples were placed into 10% formaldehyde, and then dehydrated in graded concentrations of ethanol, immersed in xylene, and finally embedded in paraffin. From the paraffin blocks 5-Am-thick sections were cut, stained with hematoxylineosin (HE) and Malloy-azan, and examined by light microscopy. Morphometric analysis of each heart section was performed with a computer-based morphometric system. Five to six mice from each experimental group were included in the histological analysis. At least five crosssections of each heart were examined, and the measurements were averaged for statistical analysis. All morphometric analyses were carried out by a single examiner, who was blinded with respect to the experimental group to which each sample belonged. To evaluate the mean diameter of LV cardiomyocytes, the shortest diameter of each cardiomyocyte was measured only in nucleated transverse sections stained with hematoxylin and eosin. One hundred fifty cardiomyocytes in each LV were measured using an ocular micrometer disc with a linear scale at a magnification of 400Â, and the average cardiomyocyte diameter of each specimen was calculated.
Statistical analysis
Results are expressed as meansFS.E.M. Analyses were carried out with Sigma Stat software (Jandel Scientific, San Rafael, CA). Our primary statistical test was analysis of variance (ANOVA) [21] . Differences in mean values due to main effects, and interactions between these main effects were tested with a p<0.05 considered statistically significant. Post hoc comparisons were performed by pairwise multiple comparison using the Student -Newman -Keuls test. Higher body weight was noted in the Nppa À/À compared to Nppa +/+ mice on a normal salt diet. The effects of genotype and ACF on relative tissue weights, and echo measurements of LV size and wall thickness were adjusted for differences in body weight between groups by analysis of covariance (ANCOVA) with body weight as the covariate [22, 23] . Descriptive statistics to be reported includes means, standard errors, linear regression and correlation coefficients.
Results
Effect of ANP genotype on response to ACF, normal salt diet
The effects of ANP genotype and ACF operation on body weight, MAP and organ weights at sacrifice are shown in Table 1 . MAP was higher in the Nppa À/À mice than in Nppa +/+ mice, and decreased in both genotypes following ACF. Body weight was significantly increased in the Nppa À/À compared to Nppa +/+ mice. Organ weights were therefore corrected for the differences in body weight using ANCOVA. Both uncorrected and corrected values are shown in Table 1 . Heart weight and LV weight were greater in unoperated Nppa À/À than Nppa +/+ mice, and increased more in Nppa À/À compared to Nppa +/+ mice following ACF (ANCOVA corrected data, interaction of genotypeÂACF, p<0.05) (Fig. 1) . Lung weight did not differ significantly between genotypes in unoperated mice, but increased significantly more in Nppa À/À compared to Nppa +/+ mice following ACF (ANCOVA corrected data, interaction of genotypeÂACF, p=0.04).
Echo LV mass data correlated well with LV mass at sacrifice (r=0.895, p<0.0001). Echo measurements of chamber dimension and wall thickness were corrected for body weight by ANCOVA. Both raw and corrected data are shown in Table 2 . The excess LV mass in unoperated Nppa À/À vs. Nppa +/+ mice was entirely accounted for by increased wall thickness, as LV end diastolic dimension did not differ significantly between genotypes (Fig. 2) . Echocardiography demonstrated a similar pattern of hypertrophy between genotypes following ACF, with increases in both LV end diastolic dimension and wall thickness contributing to LV hypertrophy in both genotypes (Table 2, Fig. 2 ). Morphometric analysis revealed increased LV myocyte diameter in Nppa À/À vs. Nppa +/+ mice, but in contrast to the echo wall thickness data, the percent increase in myocyte thickness was higher in the Nppa +/+ relative to Nppa À/À mice following ACF ( p<0.001 for genotype, p<0.001 for control vs. ACF operation, p<0.001 genotypeÂACF, Table 3 and Figs. 3 and 4) . This suggests that factors other than myocyte thickening contributed to the increase in wall thickness in Nppa À/À mice following ACF. There was no effect of either genotype or ACF on VCF r , a measure of LV chamber function. VCF dif , which normalises VCF r for CWS, was higher in the Nppa À/À than Nppa ACF, Student -Newman -Keuls test for multiple comparisons), indicating that differences in wall stress do not account for the observed differences in MWS between groups.
Effect of ANP genotype on response to ACF, low salt diet
There was no significant difference in body weight between Nppa À/À and. Nppa +/+ maintained on a low salt diet. However, a small increase in weight following ACF was noted in both genotypes. MAP did not differ significantly between genotypes or between ACF and control animals maintained on a low salt diet (Table 1) . However, even in the absence of significant differences in MAP between genotypes, both heart weight and LV weight were greater in Nppa À/À than Nppa +/+ at baseline and following ACF, and increased significantly more in Nppa À/À vs. Nppa +/+ mice Relative changes in echo wall thickness and myocyte diameter, normalized to Nppa +/+ control mice, under normal salt and low salt conditions. The percentage change in wall thickness following ACF roughly tracked the change in myocyte diameter under low salt, but not normal salt conditions. In the ANP-deficient mice on a normal salt diet, wall thickness increased more than could be accounted for by the increase in LV myocyte diameter, whereas in the ANP replete mice, myocyte diameter increased relatively more than wall thickness. These findings indicate that the mechanism of increased wall thickness in response to volume overload differs between genotypes under normal salt conditions. Under low salt conditions, changes in wall thickness roughly parallel changes in myocyte diameter in response to volume loading by ACF. AWT-Average wall thickness (echo). Myo diam-myocyte diameter, histology.
following ACF (genotypeÂACF, p<0.01, ANCOVA corrected data) ( Fig. 1 
Discussion
Consistent with prior reports, MAP and heart weight are increased in Nppa À/À mice compared to Nppa +/+ controls fed standard mouse chow [7, 16, 24] . The present study demonstrates exaggerated cardiac enlargement and ventricular hypertrophy in the Nppa À/À mice following ACF. The excess LV enlargement was accompanied by evidence of mild LV dysfunction in the Nppa À/À mice at baseline, which worsened and was accompanied by pulmonary congestion following ACF. A low salt diet resulted in similar MAP in the two genotypes, but did not prevent the cardiac enlargement or left ventricular hypertrophy in the Nppa À/À mice at baseline, or the exaggerated cardiac enlargement, left ventricular hypertrophy and pulmonary congestion in response to ACF.
The present study suggests that ANP may play an important role in modulating the hypertrophy in response to volume overload, with a more excessive hypertrophy occurring in its absence. Left atrial ANP mRNA is elevated as early as 2 weeks post-ACF in the rat, and rises further over the ensuing 4 weeks [25] . Similarly, left ventricular ANP mRNA is elevated seven-fold at 1, 2, 3 and 7 days following creation of an ACF in the rat [26] . We have previously demonstrated increased LV angiotensin II in response to ACF in the mouse, which would tend to favor cardiac hypertrophy [15] . Activation of the sympathetic nervous system and the cardiac and systemic renin -angiotensin system, and elevation of LA and LV endothelin-1 and its receptor, have also been demonstrated in the rat following ACF [27 -29] . The findings in the present study suggest that activation of these trophic influences in the absence of ANP results in excessive hypertrophy, and is consistent with the observation that ANP opposes the growth promoting effects of angiotensin II, endothelin-1, and norepinephrine in isolated myocytes and fibroblasts [13, 14] .
Morphometric analysis in the present study demonstrated that cross-sectional myocyte diameter is increased in the Nppa À/À relative to the Nppa +/+ mouse consuming either normal salt or low salt diet. The change in myocyte diameter roughly paralleled the change in echocardiographic wall thickness in mice on a low salt diet. However, the mechanism of increased wall thickness differed between genotypes on a normal salt diet. Nppa +/+ mice demonstrated a greater increase in myocyte diameter relative to wall thickness following ACF, whereas Nppa À/À mice demonstrated a greater increase in wall thickness relative to myocyte diameter. We have previously demonstrated increased expression of the extracellular matrix molecules periostin, osteopontin, collagen I and III, and thrombospondin in Nppa À/À relative to the Nppa +/+ mice exposed to experimental pressure overload due to transverse aortic banding [30] . The time course and direction of extracellular matrix changes in the ACF model in the mouse is unknown. In the rat, some investigators have reported decreased collagen volume fraction from 6 h to 1 week post-ACF, with recovery to normal levels by 2 weeks [31] , whereas others have found a persistent decrease in collagen volume fraction as late as 4 -10 weeks post-AVF [32] . Our findings of a greater percentage increase in myocyte diameter relative to wall thickness following ACF in Nppa +/+ mice on a normal salt diet suggest a relative decrease in extracellular matrix 2 weeks post-ACF in this group. The explanation for the opposite finding in Nppa À/À mice on a normal salt diet, i.e., a greater increase in wall thickness relative to myocyte diameter, is unclear. Increased myocyte number, increased hyperplasia of non-myocyte cells, increased synthesis or decreased breakdown of extracellular matrix components, or increased tissue water in the Nppa À/À vs. the Nppa +/+ ACF mice could account for this discrepancy. Further study is needed to elucidate the mechanism underlying the disparity between change in myocyte thickness and change in wall thickness observed between genotypes following ACF.
We measured MWS to assess differences in myocardial contractility between groups. MWS corrects for differences between endocardial and midwall stress, and is a more appropriate means than VCF to compare myocardial function between groups with differing levels of ventricular hypertrophy [19, 33] . We found evidence of depressed LV MWS in the Nppa À/À vs. the Nppa +/+ genotype on a normal salt diet, with further deterioration in the Nppa À/À relative to the Nppa +/+ genotype following ACF. The findings suggest the development of early ventricular dysfunction in the hypertrophied hearts of the Nppa À/À mice. Similar depression of ventricular function as assessed by MWS has been described in patients with LVH due to essential hypertension [19, 33] . A low salt diet attenuated the difference in MWS between genotypes ( p=0.07 after correction for wall stress), and prevented further deterioration in the Nppa À/À following ACF. Interpretation of the differential effect of genotype on cardiac size and function in response to ACF in this study is complicated by baseline differences in cardiac size and blood pressure between genotypes. We repeated the experiments on a low salt diet in an attempt to eliminate these baseline differences. A small, statistically nonsignificant difference in anesthetized MAP (f9 mm Hg) persisted between genotypes on a low salt diet in the present study. We have previously observed a 6-mm Hg (nonsignificant) difference in MAP between Nppa +/+ and Nppa À/À genotypes in conscious animals on a low salt diet (Chen, unpublished data). Although the MAP difference was not statistically significant in either study, the power to detect a difference of this magnitude in the present study was small given the variability of MAP and the number of animals studied (power f0.20 for alpha of 0.05). John et al. [7] reported no significant difference in MAP between Nppa À/À and Nppa +/+ mice on 0.5% NaCl (standard mouse chow) in their original description of this genotype, but in fact did observe a 9-mm Hg (nonsignificant) difference between genotypes. In a subsequent report, this group reported a 14-mm Hg difference between Nppa À/À and +/+ mice following a low salt diet (0.008%) for 1 week [24] . The data from these various studies suggest a small difference in MAP between Nppa À/À and Nppa +/+ cannot be excluded, even on a low salt diet. Nonetheless, it seems unlikely that the small MAP difference observed can account for the major differences in heart weight and wall thickness in Nppa À/À vs. Nppa +/+ mice on a low salt diet. We observed significant increased body weight in the Nppa À/À vs. Nppa +/+ mice maintained on a normal salt diet. The mechanism underlying this difference is unknown. Preliminary observations in our laboratory indicate that %body fat is not increased in Nppa À/À vs. Nppa +/+ mice (Chen, unpublished data). We corrected for these differences by ANCOVA with body weight as the covariate. The difference in body weight between genotypes was eliminated by a low salt diet. The mechanism underlying this effect is uncertain. However, we do not believe that fluid retention entirely accounts for the observed weight differences on a normal salt diet, as the Nppa À/À mice appear grossly larger than their Nppa +/+ counterparts. In summary, ANP-deficient mice are characterized by salt-sensitive hypertension and concentric LV hypertrophy. Following ACF, Nppa À/À mice exhibit LV dysfunction and exaggerated heart weight and LV weight relative to Nppa +/+ mice. Salt restriction decreases MAP in Nppa À/À to levels similar to those observed in wildtypes, but does not eliminate the exaggerated heart weight and LV weight in either control or ACF mice. The findings suggest that ANP is an important physiologic modulator of the cardiac enlargement induced by volume overload.
